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Abstract. Extremes in climate may severely impact ecosys-
tem structure and function, with both the magnitude and rate
of response differing among ecosystem types and processes.
We conducted a modeling analysis of the effects of extreme
drought on two key ecosystem processes, production and res-
piration,and,toprovideabroadercontext,wecomplemented
this with a synthesis of published results that cover a wide
variety of ecosystems. The synthesis indicated that across a
broad range of biomes, gross primary production (GPP) was
generally more sensitive to extreme drought (deﬁned as pro-
portional reduction relative to average rainfall periods) than
was ecosystem respiration (ER). Furthermore, this differen-
tial sensitivity between production and respiration increased
as drought severity increased; it occurred only in grassland
ecosystems, and not in evergreen needle-leaf and broad-leaf
forests or woody savannahs. The modeling analysis was de-
signed to enable a better understanding of the mechanisms
underlying this pattern, and focused on four grassland sites
arrayed across the Great Plains, USA. Model results consis-
tently showed that net primary productivity (NPP) was re-
duced more than heterotrophic respiration (Rh) by extreme
drought (i.e., 67% reduction in annual ambient rainfall) at
all four study sites. The sensitivity of NPP to drought was di-
rectly attributable to rainfall amount, whereas the sensitivity
of Rh to drought was driven by soil drying, reduced carbon
(C) input and a drought-induced reduction in soil C content –
a much slower process. However, differences in reductions in
NPP and Rh diminished as extreme drought continued, due
to a gradual decline in the soil C pool leading to further re-
ductions in Rh. We also varied the way in which drought was
imposed in the modeling analysis; it was either imposed by
simulating reductions in rainfall event size (ESR) or by re-
ducing rainfall event number (REN). Modeled NPP and Rh
decreased more by ESR than REN at the two relatively mesic
sites but less so at the two xeric sites. Our ﬁndings suggest
that responses of production and respiration differ in magni-
tude, occur on different timescales, and are affected by dif-
ferent mechanisms under extreme, prolonged drought.
1 Introduction
The hydrological cycle is forecast to be intensiﬁed by climate
warming, leading to increased drought frequency and sever-
ity, especially in water-limited ecosystems (IPCC, 2007). Re-
sponsesofecosystemprocessestodrought,especiallycarbon
(C) ﬂuxes, are critical, given that any net change of ecosys-
tem C balance acts as a feedback to climate change. Many
studies have reported ecosystem responses to climate ex-
tremes.Forexample,Ciaisetal.(2005)reportedthatheatand
severe drought caused an unprecedented continental scale
reduction in primary productivity with ecosystem respira-
tion decreasing concurrently. By contrast, by analyzing ob-
servational data from a global network of eddy ﬂux towers,
Schwarm et al. (2010a) found that global mean gross pri-
maryproduction(GPP)wasmoresensitivetoadroughtevent
than respiration. In a long-term ﬁeld experiment, Jentsch
et al. (2011) imposed an extreme drought in a constructed
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grassland and reported the opposite – that drought decreased
soil respiration without reducing net primary production
(NPP). Finally, by decreasing throughfall in a Mediterranean
evergreen forest, Mission et al. (2010) reported a greater re-
duction in GPP than that in ecosystem respiration (ER), espe-
ciallysoilrespiration.Suchdivergentresponsesofecosystem
productivity and respiration to extreme drought suggests that
greater mechanistic understanding is needed with regard to
how these two key C cycling processes are likely to respond
to climate extremes.
Drought can affect production and respiration through
both common and unique mechanisms. Drought lowers plant
C uptake by reducing stomatal conductance and leaf area,
and by increasing soil water deﬁcit (Bréda et al., 2006),
whereas soil water deﬁcits and reduced substrate availabil-
ity can reduce ecosystem respiration (Luo and Zhou, 2006).
Although there are now many studies that have reported C
cycling responses to both natural and experimentally im-
posed droughts in a variety of biomes (e.g., Reichstein et
al., 2002; Ciais et al., 2005; Schwalm et al., 2012), these
have not been synthesized to determine if there are any gen-
eral patterns of production and respiration responses to ex-
treme drought across terrestrial biomes (but see Schwalm et
al., 2010a). Identifying such patterns is key in determining
whether general mechanisms underlie production and respi-
ration responses.
One critical limitation to both observational and experi-
mental studies is that they are all conducted on short time
scales – from seasonal to annual in length – whereas ecolog-
ical responses to drought over the longer term are likely to be
more complex (Anderson et al., 2011). This is especially true
for heterotrophic respiration, which is affected by drought-
induced reductions in the soil C pool as a function of lower
GPP (Mission et al., 2010). Knowing how ecosystems re-
spond to long-term, extreme drought is important given that
climate models predict an increase in the frequency and mag-
nitude of these events in the future (Dai, 2011). It has been
hypothesized that although the sensitivity of production and
respiration to drought may differ initially, they will eventu-
ally become equivalent as carbon cycle processes equilibrate
over time (Luo and Weng, 2011). Such long-term response
patterns of ecosystems to drought are difﬁcult to reveal in
experiments or observational studies but can be explored by
ecosystem modeling (Luo et al., 2011).
Drought has often been imposed in global change experi-
ments by reducing each rainfall event amount (Yahdjian and
Sala, 2006, Mission et al., 2010, Cherwin and Knapp, 2012).
However, as climate models have predicted decreases in rain-
fall frequency in the future, drought could also occur due to
declines in rainfall event number (e.g., Báez et al., 2013).
These two different types of drought may affect ecosys-
tem functions differently. For example, Harper et al. (2005)
observed more drought-induced reduction on aboveground
NPP (ANPP) and soil CO2 ﬂux under natural drought caused
by reducing rainfall event number and size than by simply
altering the size of each rainfall event. This drought–event
size interaction has also been observed in shortgrass steppe
where experimental droughts only reduced ANPP when rain-
fall events were frequent and small rather than few but large
(Cherwin and Knapp, 2012).
Our objectives were twofold. First, we determined if gen-
eral patterns of drought effects on production and respira-
tion exist across multiple biomes based on published papers
on both observational and experimental studies. Second, we
used an ecosystem model to examine mechanisms that possi-
bly underly the differential sensitivity of production and res-
piration in four different grassland types over a rainfall gra-
dient in the Great Plains in the central US. In the modeling
analysis, we assessed responses of NPP and heterotrophic
respiration (Rh) to a long-term severe drought imposed by
either reducing the size or the number of individual rain-
fall events. In addition to assessing responses over longer
time scales and mechanistically, we also compared responses
in these sites using identical treatments, thus overcoming a
weakness of syntheses of published studies that each impose
drought in different ways and with different magnitudes, and
that each measure responses a unique way (Luo et al. 2011).
2 Materials and methods
2.1 Synthesis methods and data analysis
We searched the ISI web of science using these search
strings: “(drought OR severe drought OR extreme drought)
AND (ecosystem ﬂuxes OR ecosystem carbon balance)”,
“drought AND net ecosystem CO2 exchange (NEE) AND
eddy covariance”, “(precipitation OR drought OR rainfall)
AND net ecosystem exchange AND manipulation” and
“drought AND NPP AND respiration” in order to identify
both observational and manipulative studies of drought ef-
fects on ecosystem C ﬂuxes over global terrestrial biomes.
We also used ‘rain forest AND eddy ﬂux AND drought’ to
search for studies focused more appropriately on seasonal
droughts in rain forest dry seasons. We reviewed the most
relevant studies in which GPP and ER were reported in both
drought and normal years or dry and wet seasons for rainfor-
est (Table 3 and Table S1).
Drought was categorized as extreme drought when
ecosystems experienced more than a 40% decrease in
annual precipitation relative to the long-term average, as
moderate drought with less than a 40% but more than
a 25% rainfall decrease, and as minor drought with less
than 25% precipitation reduction. The drought sensitiv-
ity of production as estimated by GPP and respiration
estimated by ER for each study site was calculated as
the drought induced absolute reduction relative to the
normal year divided by GPP or ER in the normal years
(i.e., 1GPP%=(GPPnormal −GPPdrought)/GPPnormal or
1ER%=(ERnormal −ERdrought)/ERnormal). The differential
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sensitivities were also assessed based on ecosystem types.
The ecosystems were divided into grassland, evergreen
needle-leaf forest (ENF), broad-leaf forest (BF) and woody
savannahs (WS). One open shrubland, one oak woodland and
one pine woodland were not included in the data analysis due
to limited sample size. The signiﬁcance between 1GPP%
and 1ER% was tested using paired-sample t test. Seasonal
drought effects on 1GPP% and 1ER% in rainforest were
not included in this analysis because of different responses
and underlying mechanisms. Thus, seasonal drought effects
in rainforest are discussed separately in this study.
2.2 Modeling analyses
2.2.1 Model description
The terrestrial ecosystem model (TECO) is a process-based
ecosystem model and was designed in order to examine
ecosystem responses to climatic perturbations including el-
evated CO2, warming and altered precipitation (Luo et al.,
2008; Weng and Luo, 2008). The algorithms applied in
TECO are described in detail by Weng and Luo (2008). Here
we provide a brief description, focusing on mechanisms re-
lated to drought.
TECOiscomposedoffourmajorsubmodelsthatrepresent
canopy processes, plant growth, C transfer, and soil water dy-
namics. The canopy photosynthesis–transpiration submodel
is a two-leaf model with multiple canopy layers, derived pri-
marily from Wang and Leuning (1998), to simulate canopy
energy balance, canopy photosynthesis and conductance. At
each layer, foliage is divided into sunlit and shaded leaves.
Leaf photosynthesis and transpiration are estimated by cou-
pling the Farquhar photosynthesis (Farquhar et al., 1980) and
Ball–Berry stomata-conductance model (Ball et al., 1987).
In the plant growth submodel, allocation of photosynthetic
assimilates depends on growth rate of leaves, stems and
roots following the ALFALFA model (Denison and Loomis,
1989), and varies with phenology following Canadian Ter-
restrial Ecosystem Model (CTEM) (Arora and Boer, 2005).
Phenology is represented by seasonal variation in leaf area
index (LAI). Leaf onset is determined by growing degree
days and leaf senescence is induced by low temperature and
low soil water content. The C transfer submodel simulates
movement of C from plant to soil C pools in three layers
through litterfall and the decomposition of litter and soil or-
ganic C. Carbon ﬂuxes from litter and soil carbon pools are
based on residence time of each C pool and the C pool sizes
(Luo and Reynolds, 1999).
The soil water dynamics submodel has ten soil layers and
simulates the dynamics of soil water content based on pre-
cipitation, evaporation, transpiration, and runoff. Evapora-
tion is determined by water content of the ﬁrst soil layer
and the evaporative demand of the atmosphere. Transpira-
tion is regulated by stomatal conductance and the soil water
content of layers where roots are present. When precipita-
tion exceeds water recharge to soil water holding capacity,
runoff occurs. In this study, a soil moisture scalar, ω, is the
most important parameter because the reduction in precipita-
tion directly affects soil water content and thus the soil mois-
ture scalar. In TECO, relative soil water content is deﬁned as
ω = (Wsoil −Wmin)/(Wmax −Wmin) where Wmax is soil wa-
ter holding capacity, Wmin is the permanent wilting point and
Wsoil is soil water content. Photosynthesis and plant growth
rate are reduced whenever ω is less than 0.3.
2.2.2 Study sites
The sites selected for the modeling analysis are the Konza
Prairie Biological Station (Konza), the Hays Agricultural Re-
search Center (Hays), the High Plains Grasslands Research
Center (Cheyenne), and the Sevilleta National Wildlife
Refuge (Sevilleta). The four grasslands are distributed along
mean annual temperature (MAT) and mean annual precip-
itation (MAP) gradients (Table 1). Cheyenne has the low-
est mean annual temperature among the four sites (Table 1).
Sevilleta has much coarser soil texture than the other three
grasslands.
2.2.3 Modeling scenarios
The objective of this experimental simulation was to use the
long-term records of rainfall to model extreme drought ef-
fects on ecosystem C dynamics. Therefore, the long-term
records of daily rainfall data were collected from the weather
stations closest to each grassland. The periods of rainfall data
were 1982–2010 for Konza, 1949–2010 for Hays and Sevil-
leta, and 1949–2011 for Cheyenne. The four meteorological
variables (solar radiation, air temperature, soil temperature,
and relative humidity) used to drive the model were from
2007 for Konza, Cheyenne, and Sevilleta, and from 2006 for
Hays, and the four meteorological variables were repeated
for each rainfall year. In order to simulate the effects of ex-
treme drought, the annual rainfall amount was reduced to
33% of ambient rainfall by two approaches. One was to re-
duce each rainfall event size (ESR) by 67% of ambient rain-
fall(AMB),andtheotherwastoreducerainfalleventnumber
(REN) to achieve the same reduction (67%) in annual rain-
fall as for ESR. The REN treatment resulted in intermittent
periods with no rain events and thus increased precipitation
variability compared with ESR treatment. These two treat-
mentsallowedustoexplorethedifferentialeffectsofdrought
andincreasedrainfallvariabilityonecosystemCdynamicsin
different grassland ecosystems along the MAT and MAP gra-
dients. The selection of 67% rainfall reduction in the model
was based on analysis of long-term rainfall records in cen-
tral US grasslands. Multiyear drought similar to 67% rain-
fall reduction occurred, but only 4–6 times in a 70yr record
for semiarid Colorado and a 108yr record for mesic Kansas
(data not shown).
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Table 1. Key climate, plant, and soil characteristics of four grass-
land ecosystem types located within the Great Plains, USA.
Konza Hays Cheyenne Sevilleta
Latitude 39◦050 N 38◦530 N 41◦110 N 34◦200 N
Longitude 96◦350 W 99◦230 W 104◦540 W 106◦430 W
Grassland Tallgrass Southern Northern Desert/
Type mixed-grass mixed-grass shortgrass
MAT (◦C) 12.9 12.0 7.6 13.3
MAP (mm) 860 577 384 242
Soil texture Silty clay Silty clay ﬁne– Sandy
loam1 loam1 loamy2 loam3
1 Heislter-White et al. (2009); 2 Carrillo et al. (2011); 3 Muldavin et al. (2008).
2.2.4 Statistical analysis
The linear regressions were conducted with SigmaPlot ver-
sion 12. A Student’s t test for the slope difference between
ambient condition and rainfall reduction treatments was con-
ducted with SAS software (SAS Institute Inc., Cary, NC,
USA). A multiple regression between relative reduction in
Rh (dependent variable) and the relative reduction in soil
water content (SWC), NPP, and soil C content (indepen-
dent variables) was performed to assess the relative contribu-
tion to drought-induced reduction in Rh by each of the three
factors. The regression model is 1Rh = a ×1SWC+b×
1NPP+c×1SoilC+ε.Therelativecontributionsarecalcu-
lated as a×1SWC/1Rh×100%, b×1NPP/1Rh×100%
and c×1Soil C/1Rh ×100%.
3 Results
3.1 Model validation
The TECO model was driven by meteorological data from
eddy ﬂux towers for Konza tallgrass prairie and Sevilleta
desert grassland and from meteorological stations for the
Hays and Cheyenne mixed-grass prairie sites. Meteorolog-
ical data include hourly solar radiation, air temperature, soil
temperature, precipitation and relative humidity from 2007–
2010. For Hays, meteorological data from 2006 instead of
2007 were used, due to an incomplete record for 2007. The
model was validated against the daily net ecosystem CO2 ex-
change (NEE) from eddy ﬂux towers during 2007–2010 at
Konza and Sevilleta (Fig. 1), along with biometric data in-
cluding ANPP and soil respiration measured at these grass-
lands (Table 2). For all the variables, the modeled results
were in good agreement with observational data (Fig. 1 and
Table 2).
3.2 Differential drought effects on production and
respiration and mechanisms: literature synthesis
We synthesized results from 39 studies that included grass-
lands, deciduous broad-leaf forests, evergreen needle-leaf
Table 2. Comparisons between modeled and measured above-
ground net primary production (ANPP) and soil respiration (Rs).
ANPP(gm−2) Monsoon Rs
∗ (gCm−2)
Observed Modeled Observed Modeled
Konza 461 (134)a 488 (38) – –
Hays 300(–)b 342 (46) – –
Cheyenne 130 (25)c 163 (15) – –
Sevilleta 140 (3)d 165 (2) 63 (3)e 81 (8)
a mean ANPP from 1984–1998 (Knapp et al., 2006); b Long-term mean ANPP
(Heisler-White et al., 2009); c PHACE measurement (personal communication); d average
in 2007 and 2008 (Thomey et al., 2011); e average in 2007 and 2008 (Vargas et al., 2012).
Values in the parentheses are standard errors across years. “–” means that values were not
available. “monsoon Rs∗” is the cumulative soil respiration during monsoon season from
July through September in the Sevilleta desert grassland.
Fig. 1. Comparisons between observed daily NEE from eddy ﬂux
data and modeled daily NEE in the Konza tallgrass prairie (a) and
the Sevilleta desert grassland (b) from 2007 to 2010. Overall, the
TECO model can reproduce observed NEE.
forests, woody savanna and shrubland (Table S1). Eleven
out of the 39 study sites experienced extreme drought (i.e.,
>40% below long-term average rainfall), 10 sites experi-
enced moderate drought, and 18 sites were subject to minor
drought. GPP was more sensitive to drought than ER under
extreme and moderate drought (Fig. 2a). Minor drought had
no differential impacts on GPP or ER. Drought had greater
impact on GPP than ER in grassland ecosystems, whereas in
forest and woody savannah ecosystem, drought did not have
differential impact (Fig. 2b).
For the ﬁve study sites with available data, seasonal
drought in rainforest had only a limited impact on GPP (Ta-
ble 3), likely because the tree-root systems had access to an
adequate water supply in deep soil layers. Respiration, espe-
cially heterotrophic respiration, was reduced due to drying of
the surface soil. As a consequence, ecosystem carbon uptake
actually increased under seasonal drought in tropical rain-
forests.
3.3 Modeled drought effect on ecosystem C variables
Both extreme drought treatments decreased annual NPP, het-
erotrophic respiration (Rh), NEE and soil C content, with
similar patterns over modeled years in each of the four grass-
lands (Figs. 3 and S1). The relative reduction in NPP was
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Table 3. Synthesis of published studies on the differential responses of GPP and ER to extreme seasonal drought in tropical rainforest.
Site Biome type Results Mechanisms Reference Note
Tapajos km83, Amazonian Seasonal drought did not impact Deep rooting depth buffered Saleska et al. (2003); Eddy
Brazil rain forest GPP, but decreased ER drought stress on GPP Goulden et al. (2004) ﬂux
Tapajos km67, Amazonian Seasonal drought reduced GPP Adequate water supply for photo- Hutyra et al. (2007) Eddy
Brazil rain forest less than ER synthesis during dry season ﬂux
French Guiana, Neotropical Seasonal drought increased GPP, Drought-associated higher inci- Bonal et al. (2008) Eddy
South America rainforest but reduced ER dent radiation increased GPP ﬂux
Sardinilla, Plantation Seasonal drought reduced both Deep rooting depth buffered Wolf et al. (2011) Eddy
Panama GPP and ER by a similar amount drought stress on GPP ﬂux
Xishuangbanna, Tropical Seasonal drought reduced less on Deep rooting depth alleviated Zhang et al. (2010) Eddy
China rain forest GPP than on ER drought stress on GPP ﬂux
Fig. 2. Synthesized published observational and experimental re-
sults on sensitivity of gross primary production (GPP) and ecosys-
tem respiration (ER) to drought severity (a) and to drought in dif-
ferent ecosystem types (b). The ecosystems were divided into grass-
land, evergreen needle-leaf forest (ENF), broad-leaf forest (BF) and
woody savannahs (WS). One open shrubland, one oak woodland
and one pine woodland were not included in the data analysis due
to limited sample size. Numbers represent the number of studies
included, ∗∗ represents signiﬁcant (P < 0.05) difference and ∗ rep-
resents marginally signiﬁcant difference (P < 0.1).
consistently greater than in Rh in all the grassland sites, but
the difference diminished over time due to continued de-
creases in Rh with drought (Fig. 3a–h). Annual GPP and
ER showed similar drought responses to annual NPP and
Rh, respectively (Fig. S2). However, in order to reveal di-
rectional change in Rh, we used annual NPP and Rh in the
model analysis. The differential responses of NPP and Rh
to drought caused NEE to increase (more ecosystem CO2
release), but the drought-induced change in NEE decreased
over time (Fig. 3i–l). Drought-induced reduction in soil C
content also increased over time, and Rh remained the same
in all the study sites (Fig. 3m–p).
Annual NPP, Rh, NEE and soil C content responded differ-
ently to the two different drought types (Figs. S1 and 3 and
Table S2). In the tallgrass prairie and the Hays mixed-grass
prairie, annual NPP, Rh, and soil C content decreased more
under ESR than under REN, whereas annual NPP, Rh, and
soil C content decreased less under ESR than under REN
Fig. 3. Drought-induced reductions in modeled annual NPP, Rh,
NEE and soil C content over time in four North American grass-
lands (Konza: a, e, i and m; Hays: b, f, j and n; Cheyenne: c, g,
k and o; Sevilleta: d, h, l and p). Absolute reduction in NEE was
calculated as the difference in NEE between drought treatments and
ambient condition. Relative reduction in NPP, Rh and soil C content
were presented and calculated as absolute reduction divided by am-
bient condition. Differential effects of long-term droughts diminish
over time as soil C content decreases.
in the Cheyenne mixed-grass prairie and the desert grass-
land (Sevilleta). Differential responses of NEE to the two
drought types were contingent upon year. Overall, Sevilleta
had the greatest interannual variability (23, 19, and 29% av-
erage coefﬁcient of variation over the two rainfall treatments)
whereas the mixed grass site near Cheyenne had the lowest
interannual variability (10, 12, and 17% average coefﬁcient
of variation over the two rainfall treatments for relative re-
ductions in NPP, Rh, and soil C, respectively) with drought.
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Fig. 4. Relationships between annual rainfall and annual C ﬂuxes
under the three rainfall scenarios (AMB: ambient rainfall; ESR:
rainfall event size reduction; REN: reduced event number) in four
North American grasslands (Konza: a, e and i; Hays: b, f and j;
Cheyenne: c, g and k; Sevilleta: d, h and l). Annual rainfall deter-
mined grassland ecosystem carbon ﬂuxes.
3.4 Controls on annual C ﬂuxes and the long-term
impacts of drought
Annual NPP increased with increasing rainfall amounts for
all the grasslands under each of the three rainfall scenarios
(ambient, ESR, and REN; Fig. 4a–d). The slopes of change
in NPP were greater under the drought scenarios than that
under ambient conditions (Table S3). Annual NEE decreased
withrainfall(Fig.4i–l).Theslopeswerenegativeandsmaller
under drought treatments than under ambient condition (Ta-
ble S3). Annual Rh was not related to rainfall under drought
scenarios, but a positive linear relationship with rainfall was
noted under ambient conditions for all grasslands (Fig. 4e–
h). The interannual variation in the relative reduction in NPP
negativelycorrelatedwithannualrainfallamountinallgrass-
land sites except for Cheyenne (Fig. 5), and the relative re-
duction in Rh was positively correlated with drought-induced
relative reductions in soil C content (Fig. 6).
Contribution from reduced soil C to the drought sensitiv-
ity of Rh increased over time, and contributions from both
reduced NPP and soil water content decreased over time
(Fig. 7). In general, reductions in NPP and soil water content
contributed more than reduction in soil C in the early years,
whereas their relative importance switched later on (Fig. 7)
due to gradually increased reduction in soil C content.
Fig. 5. Relationships between annual rainfall and drought-induced
relative reduction in NPP in four North American grasslands
(Konza: a; Hays: b; Cheyenne: c; Sevilleta: d). Open circles rep-
resent ESR treatment. Solid circles represent REN treatment. Varia-
tion in drought-induced relative reduction in NPP was signiﬁcantly
related to annual precipitation for all but the northern mixed grass
site (Cheyenne).
Fig. 6. Relationships between drought-induced relative reduction in
soil C content and relative reduction in Rh in four North American
grasslands (Konza: a; Hays: b; Cheyenne: c; Sevilleta: d). Open
circles represent ESR treatment. Solid circles represent REN treat-
ment. Drought-induced reductions in soil C were signiﬁcantly and
positively related to Rh reduction.
4 Discussion
Our synthesis and modeling analysis both revealed that pro-
duction(GPPandNPP)wasmoresensitivetomoderatetose-
vere drought than respiration was (ER and Rh). Furthermore,
this differential sensitivity between production and respira-
tion increased as drought severity increased; it occurred only
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Fig. 7. Relative contributions to drought sensitivity of Rh from re-
ductions in soil C content, NPP and soil water content under both
rainfall reduction treatments in four North American grasslands
(Konza: a and b; Hays: c and d; Cheyenne: e and f; Sevilleta: g
and h). Solid lines represent contribution due to reduction in soil
C, dotted lines represent contribution due to reduction in NPP, and
dashed lines represent contribution due to reduction in soil water
content.
in grassland ecosystems, and not in evergreen needle-leaf
and broad-leaf forests or woody savannahs. In the model-
ing analysis, NPP was reduced more than Rh by extreme
drought. However, the difference between NPP and Rh (i.e.,
NEE) diminished over time (multiple years) with drought.
Our ﬁndings suggest that responses of production and res-
piration to drought differ in magnitude, occur on different
timescales, and are affected by different mechanisms under
extreme, prolonged drought. Additionally, the ﬁnding of dif-
ferent responses to drought types indicates the diverse inter-
active effects on ecosystem functions between rainfall vari-
ability and rainfall amount.
4.1 General patterns of drought effects on production
and respiration
In the literature synthesis, GPP and ER responded differently
to extreme and moderate drought, but not to minor drought,
which suggests that moderate to extreme drought may over-
ride other confounding factors, for example site characteris-
tics, climate conditions, and dominant plant species. How-
ever, during minor drought, evidence indicates that the re-
sponses of GPP and ER were largely regulated by topo-
graphicpositionandsoiltexture(Kljunetal.,2006),drought-
associated high summer radiation (Granier et al., 2007) and
high summer temperature (Welp et al., 2007), along with a
lagged effect from previous soil water condition (Welp et
al., 2007). A broad range of ecosystems were included in
the synthesis (Table S1), for example, grasslands, decidu-
ous broad-leaf forests, evergreen needle-leaf forests, woody
savanna, and shrubland. Thus, the general pattern of such
differential responses is representative and robust across
biomes. When synthesized data were analyzed based on
ecosystem types, differential responses of production and
respiration were not found in forest ecosystems. There are
two possibly main reasons. The rooting systems of forests
could partially relieve drought stress on production by tap-
ping deep soil water (Kerhoulas et al., 2013) and secondly,
most of the forest ecosystems only experienced moderate
or minor drought in the synthesized studies. On the other
hand, most of the grassland ecosystems went through ex-
tremedroughtanddonothavedeeprootingsystems,together
resulting in the differential responses.
In contrast to the general pattern, however, in rainfor-
est ecosystems where dry seasons occur annually, seasonal
drought had limited effects on GPP due to adequate water
supply from deep soil layers and hydraulic redistribution by
deep roots. Therefore, rainforest GPP is generally controlled
more by factors such as solar radiation (Bonal et al., 2008)
than it is by precipitation. Indeed, previous modeling stud-
ies that included deep water supply and hydraulic redistribu-
tion closely captured the seasonal drought effects in rainfor-
est (Baker et al., 2008). Even though trees in other ecosys-
tems were also able to tap deep soil water (e.g., Kerhoulas
et al., 2013), GPP was still reduced due to drought-increased
vapor pressure deﬁcit, which causes leaf stomata to partially
close (Kolb et al., 2013).
4.2 Mechanisms underlying differential response of
production and respiration to drought
In agreement with the synthesis results, the modeling anal-
ysis revealed the general pattern that production (GPP and
NPP) was more drought-sensitive than respiration (ER and
Rh). The underlying mechanisms were explored in the model
analysis of four grasslands over a rainfall gradient ranging
from 240 to 860mm. The greater sensitivity of modeled NPP
to extreme drought, which we observed (Fig. 3) at all four
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sites, was due to different controls of the two ecosystem C
variables. In grassland ecosystems, production generally in-
creases linearly or asymptotically with rainfall amount (e.g.,
Fig. 4; Sala et al., 1988; Huxman et al., 2004). Therefore,
in the extreme drought treatments, NPP declined almost lin-
early with precipitation amount. However, heterotrophic res-
piration, which is the mineralization of litter and soil C, is a C
pool-controlled ecological process that is often regulated by
soil temperature over the long term, in addition to soil water
content and substrate availability in the short term (Luo and
Zhou, 2006; Vargas et al., 2010). Therefore, drought-induced
reductions in NPP, soil water content, and soil C content all
contributed to the reduction in Rh. Responses of NPP and
soil water content were prompt and contributed signiﬁcantly
to reduced Rh in the early years, especially in the most mesic
site. However, their contributions generally decreased over
time due to the increased relative importance of reduction in
soil C content. As a consequence, Rh was less impacted than
NPP in the short term, and the difference gradually disap-
peared over time. Even though reduction in soil C content
is relative smaller to short-term drought than NPP and soil
water content, its smaller reduction played a more important
role than NPP and soil water content due to its high correla-
tion with Rh, especially in the arid sites.
The model analysis also showed that the reduction in Rh
increased during long-term drought due to diminishment of
soil C pool size. The decrease in the soil C pool could be
caused by drought-reduced NPP, the primary source of soil
C. We are not aware of any empirical studies that reported
long-term effects of drought on soil C and Rh. However,
space-for-time studies provide indirect evidence regarding
ecosystem C dynamics under long-term climatic changes
(Luo et al., 2011). For example, soil C declined linearly
with decreasing precipitation in observations along precipi-
tation gradients (Anderson et al., 2011; Talmon et al., 2011),
which indirectly supports model results indicating a long-
term drought-induced decrease in soil C content. This long-
term decline in soil C content could cause the difference
between the drought sensitivities of production and respira-
tion to diminish gradually over time. Due to these differen-
tial responses over longer timescales, our modeling results
showed that grassland ecosystems all released CO2 to the
atmosphere during drought, but that the amount of released
CO2 decreased over time as soil C pools declined. The model
results, however, would beneﬁt from long-term ﬁeld exper-
iments carried out to direct support for these results. This
exploration of ecosystem sensitivity dynamics over the long
term is critical for global change studies because many eco-
logical responses are strongly regulated by slow processes
(Luo et al., 2011).
Our model results also showed that Sevilleta and
Cheyenne had the largest and least interannual variation, re-
spectively, in the relative reduction of NPP and Rh. Soil tex-
ture has long been known to affect plant productivity through
the inverse soil texture effect (Noy-Meir, 1973) and has the
potential to interact with rainfall regimes and mediate the im-
pacts of drought (Weng and Luo, 2008). The much larger in-
terannual variability in the relative reduction in NPP and Rh
in Sevilleta could be explained by coarse-textured soils, be-
cause lower average water availability can amplify drought
effects (Paruelo et al., 1999). The low variability and lack
of correlation between rainfall and relative reduction in NPP
at Cheyenne may have occurred because the lower aver-
age temperatures for this site relative to the other three (Ta-
ble 1) resulted in less evaporation, and thus increased avail-
able water for plants and constrained the interannual vari-
ation in sensitivity to drought. These results emphasize the
need for multisite long-term drought experiments, because
interannual variation in precipitation as well as lagged ef-
fects from soil water storage likely play important roles in
regulating ecosystem responses to climate extremes (Granier
et al., 2007).
The mechanisms associated with drought responses in for-
est ecosystems are likely to be similar to those in grass-
lands. The primary responses of forests to drought are to re-
duce productivity and respiration due to water deﬁcit (Dale
et al., 2001) and the responses of production and respiration
could be different. However, it is also likely that the mecha-
nisms could be more complicated in forest ecosystems than
in grasslands, and consequently have different long-term ef-
fects. For example, deep rooting systems in forest ecosys-
tems could buffer the drought effect on production in for-
est ecosystems; drought associated increase in solar radia-
tion might increase production as we found in rainforest; hy-
draulic lifting by tree roots could also alleviate the drought
effect on C processes. As we found out in our synthesis,
drought had similar effects on both production and respira-
tion in forest ecosystems (Fig. 2b). As a consequence, the
long-term response pattern may be different from that in
the grassland ecosystems. Therefore, it is critical to include
the possible mechanisms described above when simulating a
long-term drought effect in a forest ecosystem.
4.3 Drought attributes and differential responses of
production and respiration
In our modeling analyses, total annual rainfall in the two
reduced-rainfall treatments was the same. Drought imposed
by reducing every event (ESR treatment) was characterized
by lower rainfall event size (one-third of ambient rainfall),
but also by ambient rainfall frequency. By comparison, the
REN treatment was characterized by ambient rainfall event
size but lower frequency, and longer dry intervals between
rain events. Responses of NPP and Rh to these treatments
were contingent on grassland type, with greater reductions in
NPP and Rh when drought was caused by every rain event
becoming smaller (ESR scenario) at the two most mesic and
productivegrasslands(KonzaandHays).However,RENalso
caused a reduction in both NPP and Rh. Knapp et al. (2002)
also observed that lower frequency in rainfall events without
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changing total rainfall in a mesic tallgrass prairie resulted in
less production than ambient rainfall frequency. However, if
annual precipitation amount was low (1/3 of ambient rain-
fall in our study), the larger rainfall event size under REN
relative to ESR could lead to higher soil water content and
consequently higher production (Fig. S1a and b) in mesic
grasslands. More water was stored in deep soil layers under
ambient rainfall event size compared to lower rainfall event
size in ESR, which decreased evaporative loss to the atmo-
sphere and increased water availability to plants. Lower rain-
fall frequency (i.e., REN treatment), however, led to lower
NPP in xeric grasslands (Fig. S1c and d). Frequent small
rainfall events (the ESR treatment) can potentially alleviate
chronic water stress, whereas the longer dry period under
REN could affect early leaf and root growth due to being
constantly under the threshold of a certain soil water content
level. The underdeveloped leaves and roots can have a legacy
effect on photosynthesis and water uptake later on and there-
foredecreaseproductionmore.Inaddition,differentlevelsof
rainfall frequency could affect its effect size (Heisler-White
et al., 2009). Responses of Rh to the two drought types are
consistent with those of NPP, indicating that NPP controls
the responses of Rh to different drought types.
4.4 Implications for future experimental studies
Our ﬁndings have several important implications for ﬁeld ex-
periments. First, reported observations and manipulative cli-
mate change studies are often short-term. The snapshot of
observed responses, therefore, may not be representative of
long-term responses, especially when slow ecological pro-
cesses are involved. Second, many manipulated drought ex-
periments only decrease event sizes. Our results showed that
reduced rainfall event number had differential effects on eco-
logical processes rather than simply decreasing the size of
each rain event. Future experiments should impose drought
through different patterns of rainfall size, and different lev-
els of frequency and intensity. Third, other components of
ecosystem C processes should be assessed in global change
experiments in addition to production. Different ecosystem
C variables are likely to have different response patterns to
imposed perturbation. In order to provide information on the
positive or negative feedbacks of terrestrial biomes to climate
change, measurements of both production and respiration are
needed.
4.5 Model limitations
Ecosystem carbon models have often been used as a tool to
investigate the effects of global changing on ecosystem car-
bon cycling (Norby and Luo, 2004; Parton et al., 2007; Luo
et al., 2008; Schwalm et al., 2010b; Grant et al., 2011). At
present, most of the models, however, do not represent pho-
tosynthetic and respiratory acclimation (Smith and Dukes,
2013), mortality (McDowell et al., 2013), and species shift
(Sebastia et al., 2008) well yet, due to our limited under-
standing of these processes. As a consequence, the regulation
of these processes may not be well captured in the modeling
results when models are used to simulate long-term effects
of climate-changing factors on ecosystems. In this study, we
used data from space-for-time studies to support our model
results. For example, soil C declined linearly with decreas-
ing precipitation in observations along precipitation gradi-
ents (Anderson et al., 2011; Talmon et al., 2011); this is con-
sistent with our modeling results, which indicate a long-term
drought-induced decrease in soil C content. This consistency
between model and empirical studies suggest that the re-
sponses of ecosystem variables to extreme climatic changes
are unlikely to be overridden by biotic adaptation (Ander-
son et al., 2011). Rather, the extent of the responses might
be attenuated or exacerbated (Smith, 2011; Reichstein et al.,
2013). Nonetheless, further research is needed to incorporate
acclimation, adaptation and vegetation change into ecosys-
tem models to improve ecological forecasting.
Vegetation mortality due to carbon starvation, hydraulic
failure or both (McDowell et al., 2008) is likely to occur if
the drought is severe enough and can therefore have a legacy
effect on most aspects of ecosystem carbon cycling (Liu et
al., 2011). It is difﬁcult for ecosystem models to accurately
capture plant mortality, due to the lack of thorough under-
standing of its mechanisms (Xu et al., 2013; McDowell et
al., 2013; Reichstein et al., 2013). Mortality in grasslands
differs from that in forest ecosystems. In a forest ecosystem,
when large area of mortality occurs, the whole ecosystem
would have to start over from secondary succession. How-
ever, grasslands are characterized by the high recovery po-
tential of plant growth; they would recover to their original
states in a very short time and have less impact on carbon
cycling than forest ecosystems (Reichstein et al., 2013).
Another limitation in our study is possible model bias
due to the fact that only one ecosystem model was used.
A multiple-model intercomparison (MI) would be helpful in
testing the robustness of our main conclusion that extreme
drought had differential effect on production and respira-
tion in grassland ecosystems. However, this is not our focus
of this study. Nonetheless, ﬁndings from previous multiple
modelanalysiscanprovideevidencefortherobustnessofour
conclusion. For example, using four ecosystem C models,
Luoetal.(2008)exploredpotentialindividualandinteractive
effects of climate warming, altered precipitation amount, and
elevated CO2 concentration across a broad range of biomes.
They found that a decrease of precipitation by half reduced
net primary production more than heterotrophic respiration,
and as a result decreased net ecosystem production.
Supplementary material related to this article is
available online at http://www.biogeosciences.net/11/621/
2014/bg-11-621-2014-supplement.pdf.
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